Summary. When guinea-pig spermatozoa were suspended in a minimal culture medium (MCM-PL), 2-deoxy-D-glucose (100 \g=m\M) and 2-amino-2-deoxy-D-glucose (100 \g=m\M) were potent inhibitors of the acrosome reaction without affecting the sperm motility, whereas the N-acetyl derivative 2-acetamido-2-deoxy-D-glucose (2 mM) had no inhibitory effect. The addition of D-glucose (2 mM) partly inhibited the percentage acrosome reaction of spermatozoa suspended in Medium MCM-PL, but DL-aglycerophosphate (2 mM) and myo-inositol (2 mM) had no effect. In addition, DL-\g=a\\x=req-\ glycerophosphate (2 mM) did not overcome the inhibitory effect of 2-deoxy-D-glucose on the sperm acrosome reaction. The inhibitory action of 2-deoxy-D-glucose (100 \ g=m\ M) on the sperm acrosome reaction assessed after a 3-h incubation was irreversible and was only completely effective if the sugar was added within 30 min of the start of incubation. When spermatozoa suspended in Medium MCM-PL were treated with 2\ x =r eq-\ deoxy-D-glucose (100\p=n-\200\g=m\M) for an extended incubation up to 6 h, the inhibitory effect of 2-deoxy-D-glucose was partly overcome. Spermatozoa treated with 2-deoxy-D\x=req-\ glucose had significantly reduced concentrations of ATP after incubation for 2 h in Ca2+ -free media, compared with the ATP concentrations of spermatozoa preincubated for 2 h in Ca2+ -free media that supported acrosome reactions. The addition of Ca2+ (5 mM) caused a rapid decrease in ATP concentrations of spermatozoa suspended in Medium MCM-PL, while the addition of the monovalent ionophore monensin (50 \g=m\M) and Ca2+ stimulated sperm acrosome reactions as well as an additional decline in the sperm ATP concentrations. However, monensin (50 \g=m\M) in the absence of Ca2 + caused only a slight decline in the sperm ATP concentrations over the 15-min incubation period. The depletion of the sperm ATP concentrations by 2-deoxy-D\x=req-\ glucose may retard completion of the capacitation process and the resultant acrosome reaction.
Introduction
Sperm capacitation and the acrosome reaction are prerequisites for mammalian fertilization in vitro and in vivo. Evidence to date suggests that neither the oviduct, the cells and matrix of the cumulus oophorus, the zona pellucida and other products of ovulation nor the oocyte itself are in any way essential for the onset of a normal acrosome reaction in mammalian spermatozoa (Saling & Bedford, 1981 ; Bedford, 1983) . However, organic factors such as serum albumin and other 'serum factors' are essential additives to chemically defined media that permit spermatozoa to undergo capacitation and fertilization in vitro (mouse : Hoppe & Whitten, 1974; rat: Niwa & Chang, 1975; Davis, 1976; guinea-pig: Yanagimachi, 1972;  Hyne & Garbers, 1981;  golden hamster: Lui,McMaster, McBain & Johnston, 1978) . It has long been proposed that capacitation involves endogenous cellular changes that stem primarily from modifications of the plasmalemma of the spermatozoon (Barros, 1974; 0'Rand, 1979;  Oliphant &Singhas, 1979; Bearer & Friend, 1982) , the state of which in turn may regulate a series of biochemical events associated with Ca2 + influx (Hyne & Garbers, 1979a, b;  Hyne, Higginson, Kohlman & Lopata, 1984) .
In addition to the requirement for serum albumin and/or other organic serum factors in sperm capacitating media (Mrsny et al., 1979;  Hyne & Garbers, 1981 ; Bavister, 1981 ; Quinn, Stanger & Whittingham, 1982) , all media also contain exogenous energy-producing metabolites for optimal sperm capacitation and fertilization in vitro (Rogers, 1978) . Glucose and pyruvate are essential for fertilization of rat eggs (Tsunoda & Chang, 1975) , pyruvate plus lactate in the presence or absence of glucose, as well as glucose alone supported acrosome reactions in guinea-pig spermatozoa (Rogers & Yanagimachi, 1975) , hamster spermatozoa require exogenous glucose and lactate for acrosome reactions in vitro (Dravland & Meizel, 1981) , mouse spermatozoa only require glucose for the sperm acrosome reaction and fertilization (Hoppe, 1976; Fraser & Quinn, 1981) and human spermatozoa require glucose for optimal penetration of zona-free hamster eggs or human zonae pellucidae (Perreault & Rogers, 1981 ; Hoshi, Saito, Suzuki, Hayashi & Yanagimachi, 1982) . Media with an elevated pH can overcome the requirement for serum factors to support the acrosome reaction in guinea-pig spermatozoa (Hyne & Garbers, 1981) and possibly dog spermatozoa (Mahi & Yanagimachi, 1978) .
The ability of various minimal culture media having an elevated pH to support guinea-pig sperm acrosome reactions is related to culture conditions that increase sperm intracellular Na + concentrations (Rogers & Yanagimachi, 1975 (Barros 1974 ) containing 106 mM-NaCl, 1-0 mM-MgCl2, 25-1 mM-NaHC03, 0-25 mMsodium pyruvate, 20 mM-sodium lactate, penicillin (100 units/ml) and streptomycin sulphate (50 pg/ml) prepared as described previously (Hyne & Garbers, 1979b Suter, Chow & Martin (1979) . Aliquants (0-8 ml) of the final sperm suspensions were added to stoppered test tubes containing 2-2 ml of pre-heated distilled water in a heating block set at 95°C. The samples were heated for 10 min, then were transferred to an ice bath and subsequently centrifuged at 2000 g for 10 min at 4°C. The supernatant fluids were then stored at -80°C until assayed.
ATP was assayed by luminescence with purified luciferin-luciferase using a Packard Tri Carb Liquid scintillation spectrometer (model 3320) to measure the luminescence generated at 24°C (Stanley & Williams, 1969; Hammerstedt, 1973) . The supplied luciferin-luciferase was reconstituted in a solution containing 1% bovine serum albumin and 10% glycerol (3 mg/ml) and dispensed from a light-shielded bottle. The sperm extract (0-5 ml), water (0-5 ml) and a buffer solution containing 40 mM-glycylglycine (pH 7-4) and 3 mM-MgS04 (10 ml) were added to clean and previously unused glass scintillation vials. Standard concentrations of ATP (0-160 pmol) were prepared in distilled water and prepared for assay using the same procedure as used for the sperm extracts. The reaction was initiated by the addition of 50 µ of the luciferin-luciferase solution and luminescence was recorded using out-of-coincidence counting over a 5 sec period (Stanley & Williams, 1969) . (Hyne & Garbers, 1979b , 1981 , 1982 . After a 2-3 h incubation in this medium, approximately 55-70% of the motile spermatozoa respond to added Ca2+ with acrosome reactions.
The effect of the presence of various sugars or glycolytic metabolites on the acrosome reaction when spermatozoa were incubated in Medium MCM-PL was investigated (Table 1) . After incubation for 2-3 h, D-glucose (2 mM) slightly inhibited the guinea-pig sperm acrosome reaction in response to the addition of Ca2+ as reported previously (Rogers & Yanagimachi, 1975; Rogers, Chang & Yanagimachi, 1979) . However, the 2-deoxy-analogues of D-glucose, 2-deoxy-D-glucose (2 mM) and 2-amino-2-deoxy-D-glucose (2 mM), completely inhibited acrosome reactions of motile spermatozoa, but the JV-acetyl derivative 2-acetamido-2-deoxy-D-glucose (2 mM) had no inhibitory effect (Table 1 ). The substrates DL-a-glycerophosphate (2 mM) and sorbitol (2 mM) which have been reported to be metabolized by guinea-pig spermatozoa (Frenkel, Peterson & Freund, 1975) Factors influencing the inhibitory action of 2-deoxy-O-glucose
The effect of various concentrations of 2-deoxy-D-glucose and 2-amino-2-deoxy-D-glucose (glucosamine) on the Ca2 +-induced acrosome reaction was assessed on spermatozoa incubated for 3 h in Medium MCM-PL (Text- fig. 1 ). 2-Deoxy-D-glucose was a more effective inhibitor of the percentage of motile spermatozoa undergoing acrosome reactions than glucosamine, with concentrations of 2-deoxy-D-glucose^1 00 µ completely inhibiting the occurrence of the sperm acrosome reaction in response to the addition of 5 mM-Ca2 +. The inhibitory action of 2-deoxy-Dglucose (100 µ ) on the acrosome reaction assessed at 3 h was only completely effective if the 2-deoxy-D-glucose was added to the spermatozoa suspended in Medium MCM-PL within 30 min of the start of the incubation. Spermatozoa treated with 2-deoxy-D-glucose (100 µ ) after 0-5,1, 1-5, 2 both pyruvate (0-25 mM) and lactate (20 mM) as substrates and with no added 2-deoxy-D-glucose (Table 2 ). These spermatozoa also had maintained high ATP concentrations after incubation for 2 h compared with spermatozoa incubated in media containing 2-deoxy-D-glucose (2 mM), glucose (2 mM) alone or pyruvate (2 mM) alone. The addition of 2-deoxy-D-glucose (2 mM) to spermatozoa incubated with pyruvate and lactate caused a significant decrease in the sperm ATP concentrations after incubation for 2 h (2-4 + 0-5 nmol/108 cells) and the decline in the ATP concentrations appeared to be rapid as they were reduced after incubation for 2 min ( Spermatozoa collected in Ca2 + -free media composed of 150 mM-NaCl and 1 mM-MgCl2 or 300 mM-sucrose and 1 mM-MgCl2 were transferred to Medium MCM-PL which was previously equilibrated with 5% C02. In the presence of Ca2+ (5 mM) and monensin (50 µ ) the motile spermatozoa showed rapid acrosome reactions (20-40%) within 5-10 min (Text- fig. 3 ) as described previously Hyne, 1984) . Under these conditions, the sperm ATP concentration declined rapidly during the first 5 min of incubation and then stabilized at approximately 10% of the initial value. In comparison, in a treatment containing 0-5% ethanol and Ca2+ (5 mM), the sperm ATP concentration also initially declined rapidly within 5 min of the start of incubation, but the sperm ATP content then stabilized at a concentration 2-3-fold above the monensin-treated spermatozoa. Spermatozoa treated with monensin in the absence of added Ca2+ did not show a rapid decline in their ATP concentration, but rather a more gradual decrease in ATP concentration over the incubation period (Text-fig. 3 ). The spermatozoa in all treatments maintained good motility (60-70%) over the incubation period, but acrosome reactions were only observed in the Spermatozoa were suspended at 25°C in Medium MCM-PL (pH 7-5) with 0-5% ethanol and 5 mM-Ca2+ ( ), Medium MCM-PL (pH 7-5) with 50 µ -monensin (A) or Medium MCM-PL (pH 7-5) with 50 µ -monensin and 5 mM-Ca2+ (#). At the various times indicated aliquants of the sperm suspension were removed to determine the sperm ATP concentration. The spermatozoa in all treatments maintained 60-75% motility over the incubation period. Acrosome reactions (20-40%) were only observed in the treatment containing 50 µ -monensin and 5 mM-Ca2+ after 5 min incubation time. Values are the mean presence of both Ca2 + and monensin. If the spermatozoa were resuspended in media buffered with HC03"/C02 (pH 7-5) similar in composition to Medium MCM-PL except that the substrates pyruvate and lactate were omitted and 5 mM-glucose or no substrates were utilized, then the addition of monensin (50 µ ) inhibited the sperm motility within 10 min in the presence of 5 mMCa2+ (data not shown).
Discussion
These studies confirm previous observations that the metabolic state of the spermatozoon can influence and regulate the process of capacitation and the acrosome reaction (Rogers & Yanagimachi, 1975; Hoppe, 1976; Rogers, Ueno & Yanagimachi, 1977; Fraser & Quinn, 1981) . Culture conditions that maintain high ATP concentrations in guinea-pig spermatozoa during incubation in vitro also support a short capacitation period and a rapid onset of the acrosome reaction. Media containing both pyruvate and lactate as substrates maintained higher concentrations of ATP in guinea-pig spermatozoa and supported a more rapid onset of acrosome reactions than did media containing pyruvate alone or glucose (Rogers & Yanagimachi, 1975;  Hyne & Garbers, 1981) . The 2-deoxy analogues of gluose, 2-deoxy-D-glucose and 2-amino-Dglucose, are very potent inhibitors of the acrosome reaction of guinea-pig spermatozoa when incubated with pyruvate and lactate as substrates, whereas the 7V-acylated derivative 2-acetamido-2-deoxy-D-glucose was ineffective. Both 2-deoxy-D-glucose and 2-amino-D-glucose are phosphorylated by hexokinase, while the TV-acylated derivative is not phosphorylated (Webb, 1966; Hiipakka & Hammerstedt, 1978) , suggesting that the phosphorylation of these sugars, and the resultant accumulation of the stable 6-phosphate metabolites, is responsible for their irreversible inhibitory action. Possible reasons for the potent inhibitory effect of 2-deoxy-D-glucose might include inhibition of phosphoglucose isomerase or other glycolytic enzymes, as well as depletion of the ATP concentrations. The addition of exogenous DL-a-glycerophosphate, which is metabolized by guinea-pig spermatozoa (Frenkel et al., 1975) , did not overcome the inhibitory action of 2-deoxy-Dglucose, suggesting that the inhibition produced by 2-deoxy-D-glucose was perhaps not due to depletion of some of the endogenous glycolytic metabolites, but to the diversion of intracellular phosphate to the stable 2-deoxy-D-glucose-6-phosphate and depletion of the cellular ATP concentrations.
2-Deoxy-D-glucose was only completely effective in preventing acrosome reactions if the sugar was added to the sperm suspension within 30 min of the start of incubation. The addition of 2-deoxy-D-glucose also appeared to decrease the sperm ATP concentrations rapidly. These data suggest that there may be an essential requirement for an ATP-dependent reaction, or phosphorylation of an unknown receptor, to be completed during capacitation before spermatozoa undergo the acrosome reaction. Prolonged incubation of spermatozoa treated with 2-deoxy-Dglucose partly overcame the block to the acrosome reaction, despite the reduced ATP concentrations.
The mechanisms involved in the sperm capacitation process may have analogies with the maturation and ageing of mammalian erythrocytes, whereby energy depletion retards the maturation-associated loss of membrane transport functions during reticulocyte maturation (Weigensberg & Blostein, 1983 ). The present study demonstrates that culture conditions that support a short capacitation period and a rapid onset of acrosome reactions also maintain elevated guinea-pig sperm ATP concentrations. These culture conditions also support a rapid Ca2+ and HCO3"-dependent rise in cyclic AMP concentrations (Hyne & Garbers, 1979b; Garbers, Tubb & Hyne, 1982) and lead to elevated sperm intracellular Na+ concentrations . The induction of rapid acrosome reactions by the Na+-ionophore monensin is also dependent on extracellular Na+ and Ca2+ at an optimal HC03 concentration (Hyne, 1984) and in addition require the oxidative substrates pyruvate and lactate that maintain high guinea-pig sperm ATP concentrations.
The Ca2 +-dependent depletion of guinea-pig sperm ATP concentrations observed in this study may explain, in part, why an initial preincubation of guinea-pig spermatozoa in Ca2 + -free media supports a shorter capacitation period and more rapid onset of acrosome reactions (Hyne & Garbers, 1979b) .
These observations contrast with those obtained by Santos-Sacchi & Gordon (1982) who induced synchronous acrosome reactions in guinea-pig spermatozoa by initially preincubating the spermatozoa in substrate-free medium to deplete the sperm ATP concentrations and then stimulating acrosome reactions by the addition of pyruvate. Glucose did not substitute for pyruvate in the procedure and the authors showed that the addition of pyruvate was essential to enable the ATP-depleted spermatozoa to resynthesize ATP. Maximal acrosome reactions occurred after 60 min of the addition of the pyruvate, suggesting that the ATP was necessary for the membrane fusion reaction. Santos-Sacchi & Gordon (1982) suggested that the initial preincubation of the spermatozoa in the substrate-free medium to deplete ATP concentrations led to a rapid capacitation due to inactivation of a Ca2 +-dependent ATPase expulsion mechanism for Ca2 + , thereby permitting Ca2+ influx. An alternative explanation is that the ATP-depletion of the spermatozoa would lead to elevated intracellular Na+ concentrations, a rate-determining event previously associated with treatments that stimulate synchronous guinea-pig sperm acrosome reactions .
A novel procedure for inducing guinea-pig sperm acrosome reactions has been described by Mujica & Valdes-Ruiz (1983) : the spermatozoa were preincubated in Tyrode's medium containing glucose as substrate and then transferred to a minimal culture medium containing pyruvate and lactate. The authors concluded that guinea-pig sperm capacitation occurred within a short time after incubation in Tyrode's medium and that capacitation was not delayed by glucose, but that the acrosome reaction was arrested by a glucose metabolite. In addition, Mujica & Valdes-Ruiz (1983) found that the capacitation of the spermatozoa incubated in Tyrode's medium was not pHdependent, in contrast to the results of Hyne & Garbers (1981) . The occurrence of acrosome reactions in the transferred spermatozoa was determined quantitatively by fixing the sperm suspension with formaldehyde and the results compared with spermatozoa incubated continuously in minimal culture medium containing pyruvate and lactate, but which were not carried through the centrifugation step (Mujica & Valdes-Ruiz, 1983 (Brandt & Hoskins, 1980; Bearer & Friend, 1982) have had only limited success because intact spermatozoa do not equilibrate extracellular and intracellular Pi (Babcock, First & Lardy, 1975) . This explains why added phosphate did not overcome the inhibitory effect of 2-deoxy-D-glucose. It has been suggested that polyphosphoinositide may be responsible for Ca2 + sequestration in the guinea-pig acrosome (Friend, 1982; Bearer & Friend, 1982) and membrane fusion of myoblasts (Wakelam, 1983) . Cyclic AMP-dependent protein kinase has been reported to stimulate indirectly the formation of polyphosphoinositides in the plasma membranes of different blood cells (Enyedi, Farago, Sarkadi, Szasz & Gardos, 1983) . Alternatively, membrane phosphorylation may regulate the kinetic properties of the Na + /Ca2+ exchanger (Reeves & Sutko, 1983; Rufo, Schoff & Lardy, 1984) , to reverse the carrier system and cause Ca2+ influx which in by incubation in Medium MCM-PL, the ATP-dependent biochemical event is essentially complete within 1 h of incubation and sperm capacitation is then not inhibited by the addition of 2-deoxy-Dglucose. Direct 
